Living crystallization-driven self-assembly (CDSA) is a seeded growth method for crystallizable block copolymers (BCPs) and related amphiphiles in solution and has recently emerged as a highly promising and versatile route to uniform core−shell nanoparticles (micelles) with control of dimensions and architecture. However, the factors that influence the rate of nanoparticle growth have not been systematically studied. Using transmission electron microscopy, smalland wide-angle X-ray scattering, and super-resolution fluorescence microscopy techniques, we have investigated the kinetics of the seeded growth of poly(ferrocenyldimethylsilane)-b-(polydimethylsiloxane) (PFS-b-PDMS), as a model living CDSA system for those employing, for example, crystallizable emissive and biocompatible polymers. By altering various self-assembly parameters including concentration, temperature, solvent, and BCP composition our results have established that the time taken to prepare fiber-like micelles via the living CDSA method can be reduced by decreasing temperature, by employing solvents that are poorer for the crystallizable PFS core-forming block, and by increasing the length of the PFS core-forming block. These results are of general importance for the future optimization of a wide variety of living CDSA systems. Our studies also demonstrate that the growth kinetics for living CDSA do not exhibit the firstorder dependence of growth rate on unimer concentration anticipated by analogy with living covalent polymerizations of molecular monomers. This difference may be caused by the combined influence of chain conformational effects of the BCP on addition to the seed termini and chain length dispersity.
nanometers to micrometers. 1−5 One key strategy employed to achieve this goal is the solution processing of block copolymers (BCPs) with amorphous core-forming segments, which produces core−shell nanoparticles (micelles) with a range of morphologies and functionalities. 6, 7 This has resulted in a variety of actual and potential applications from drug delivery to composite reinforcement. 8−11 Nevertheless, a major problem in this field is the limited ability to create uniform samples of micellar nanoparticles with predictable and anisotropic shape, tunable dimensions, and controllable spatially confined core and/or corona chemistries.
The solution self-assembly of BCPs with a crystallizable coreforming block has recently emerged as a powerful route to core− shell nanoparticles with high levels of precision and control. Upon addition of a selective solvent for the corona-forming block to a molecularly dissolved BCP (unimer), both crystallization of the core-forming block and amphiphilicity influence micelle formation, with low curvature morphologies, such as cylinders and platelets, normally being favored. This process has now been studied for a wide range of BCPs with different crystallizable core-forming segments and has been termed crystallization-driven self-assembly (CDSA). 12−35 Length control can be achieved using a CDSA approach through the application of seeded growth 36 techniques to produce low-dispersity micelles. For example, previous work has shown that the exposed crystal faces at the termini of pre-existing cylindrical micelles with a crystalline poly(ferrocenyldimethylsilane) (PFS) 37 core remain active to further growth via epitaxy. 38 This technique can then be used to prepare monodisperse micelles of controlled length by the addition of a known amount of unimer to a colloidal solution of small crystallite seeds, generated by the sonication of multimicrometer long cylindrical micelles (Scheme 1). 36 The control of length through variation of the unimer-to-seed ratio can be considered to be analogous to molecular weight control in a living covalent chain growth polymerization, and the process has thus been termed living CDSA. Using this seeded growth approach, the sequential addition of BCPs with a common crystallizable core-forming block, 38 or different core blocks with a small lattice mismatch, 39 results in the formation of a range of multicompartment block comicelles with nanosegregated functionality. 40, 41 A variety of BCPs with different crystallizable core-forming blocks has been shown to undergo living CDSA, 32,37,39,42−44 and the process has been extended to amphiphiles that form supramolecular polymers. 45−56 For the BCPs, those with a PFS core-forming block have been the most widely studied to date. Living CDSA of PFS BCPs has recently been shown to be scalable 57 and to enable the preparation of a wide range of BCP nanoparticles, including 2D platelets, 58, 59 non-centrosymmetric 60 and branched cylinders, 61 and hierarchical structures, such as supermicelles 62, 63 and superlattices. 64 Furthermore, a key feature of the resulting crystalline BCP assemblies is that a high barrier exists to unimer exchange between micelles at near ambient temperatures, which prevents equilibration, and the consequential loss of uniformity and complexity. PFS BCP-based nanoparticles also have advantages for many studies, as staining is unnecessary for transmission electron microscopy (TEM) analysis, as a result of the electrondense Fe-rich PFS core and coronal derivatization (e.g., for functionalization by fluorescent dyes) is synthetically welldeveloped. 37 Although many studies have now demonstrated the high levels of control possible using living CDSA and that the epitaxial nature of the seeded growth process has been established for the cases of both 1D and 2D assemblies, 59,65−67 the factors that influence the kinetics are virtually unexplored. In a recent study we analyzed the formation of cylindrical micelles via the seeded growth of PFS-based linear and brush BCPs with chemically similar structures but different degrees of coronal steric bulk. 41 After addition of the BCPs to pre-existing seeds, the lengths of the fiber-like micelles were monitored as a function of time using TEM. It was found that the growth rates were substantially reduced by increasing steric bulk of the corona-forming block.
In this paper we report the use of TEM to monitor the seededgrowth of different PFS BCPs under a variety of conditions in order to obtain key fundamental information on the growth process. This method is augmented by super-resolution fluorescence microscopy (SRFM) techniques, which are able to image individual nanoparticles in solution. In recent years, SRFM techniques such as structured illumination microscopy (SIM), 68, 69 stimulated emission depletion microscopy (STED), 70−72 and single-molecule localization microscopy (SMLM) 70,73−77 have emerged as impressive methods with which to visualize biological structures and their growth by nucleation−elongation processes. 78 For example, the formation of amyloid fibers has been studied in cells 79, 80 and aqueous solution 81, 82 using superresolution techniques, and a two-color SMLM approach has been used to elucidate the growth kinetics of individual fibrils in vitro. 78, 83, 84 Furthermore, in recent work, SMLM has been used to observe the dynamic exchange mechanism of supramolecular polymeric fibers, providing examples of the utility of these techniques to study noncovalent polymerizations. 85, 86 We have also recently demonstrated the use of STED and two-color SMLM to image PFS-based BCP micelles in organic media, which demonstrated that the length data obtained by TEM analysis on dried samples is representative of the micelles in their native environment. 87 Based on these considerations, as complementary experiments to TEM, the SRFM techniques, STED, and two-color SMLM were employed to study the growth by living CDSA in solution. In addition, our micelle growth data were fitted to kinetic models, which enabled rate constants to be extracted quantitatively and detailed information on the living CDSA growth process to be obtained. subscripts indicate the number-average degree of polymerization (DP n )] unimer solution in THF was added to a solution of crystallite seed micelles, prepared by sonication of longer cylindrical micelles, in a selective solvent for the corona-forming block. A range of parameters was subsequently varied including concentration, temperature, selective solvent and percentage common solvent, and BCP composition. To monitor the effect of each of these parameters on the growth of PFS 63 -b-PDMS 513 BCP micelles, aliquots were taken from the reaction mixtures at set time points, placed on carbon-coated copper grids, and analyzed by TEM. This enabled the micelle length at different time points throughout the growth process to be determined.
Crystalline Core Structure of PFS BCP Micelles. The key feature of PFS-based BCP micelles from the perspective of living CDSA is the crystalline PFS core. Previous studies using wideangle X-ray scattering (WAXS) of PI 637 -b-PFS 53 cylindrical micelles (PI = polyisoprene) have shown that the PFS chains extend perpendicular to the long axis of the micelle and pack with pseudohexagonal symmetry. 65 Further studies involving micelles from a range of different PFS-containing BCPs suggest that the core cross-section can be either rectangular, elliptical, or near circular, depending on the degree of polymerization of the core-forming block. 89, 90 This change in core structure results from different numbers of chain-folds within the cross-sectional area, while the spacing between chains remains the same. The majority of experiments discussed herein involve the use of the same PFS-containing BCP, namely, PFS 63 -b-PDMS 513 . This enabled us to investigate whether the factors that influence the micelle growth rate also had a simultaneous effect on the micelle cross-section. For the BCP used in these experiments, both short (L n = 92 nm, PDI = L w /L n = 1.07, where L n and L w represent the number/weight-average contour length) and long (L n = 1757 nm, PDI = 1.01) low length dispersity micelles were prepared by seeded growth, and the micelle structures were analyzed by small-and wide-angle X-ray scattering (SAXS and WAXS) and TEM ( Figure S1 ). The SAXS data for both sets of micelles were best fitted by a model for infinite rigid rods with a rectangular cross-section. This afforded average core dimensions of 8.8 ± 0.4 × 7.6 ± 0.1 nm and 10.8 ± 0.4 × 7.2 ± 0.1 nm for the short and long micelles, respectively (Table S1 ). The model also incorporated a corona extending from the narrow sides of the core, which refined as 18.7 ± 1.3 nm for the short micelles and 17.7 ± 1.0 nm for the long examples. It is noteworthy that the polydispersity in the wide dimension of the core was much larger than in the other, which may suggest a deviation from a purely rectangular cross-section. Analysis by high-resolution TEM revealed number-average contour widths, W n , of 11 nm for both samples, which we view to predominantly reflect the core width. These data are therefore in reasonable agreement with the wider core dimension as determined by SAXS and together demonstrate that the micellar structure does not change significantly with contour length. The linear aggregation numbers (i.e., the number of PFS BCP molecules per unit length) were 3.6 ± 0.2 and 4.1 ± 0.2 chains/nm for the short and long micelles, respectively (see Supporting Information, p 5). 91 Varying the Growth Conditions for PFS 63 -b-PDMS 513 One-Dimensional Micelles. Effect of Initial Unimer Concentration. The overall length of fiber-like micelles formed in living CDSA seeded growth experiments is proportional to the unimer-to-seed ratio. This is analogous to living covalent polymerizations in which the chain length is dependent on the ratio of monomer to initiator. It was therefore of interest to investigate whether this analogy also applied to the reaction kinetics.
In a living covalent polymerization the reaction is first order in both monomer and initiator concentrations, 92 and this would translate to the reaction being first order in both unimer, [U], and seed, [S], concentrations for living CDSA. As the latter remains constant during the course of the reaction and initiation occurs from both ends of the seed, [S] should be substituted by 2[S] 0 (the concentration at t = 0) in the differential form of the rate eq (eq 1).
Integrating eq 1 then affords an expression for the concentration of unimer as a function of time, [U(t)], in terms of the initial concentrations (eq 2).
Determining the concentrations of micelle and unimeric BCP in solution, however, is problematic. We therefore chose to monitor the reaction kinetics by determining the average length, L(t), of the individual micelles formed, which could be measured microscopically. The total length grown over all micelles, L tot (t), is related to the concentrations of unimer, [U(t)] and [U] 0 , the volume of solution, V, and the linear aggregation number (number of BCP molecules per unit length), N agg/L (eq 3). We have shown (vide supra) that the latter is constant with micelle length, under the growth conditions used.
Combining eqs 2 and 3, rearranging to make L tot (t) the subject and dividing by the number of micelles, which for a living process equals the number of seeds, N seed , then affords an expression for the length grown L grown (t) for each micelle (eq 4).
N seed is related to [S] 0 (eq 5), and this leads to eq 6.
The experimentally determined length, L(t), however, also includes that of the seed, L seed , and this needs to be taken into account in the final model (eq 7).
We investigated the effect of initial unimer concentration on the growth of PFS 63 -b-PDMS 513 fiber-like micelles. Varying the initial unimer concentration (from 10 to 30 mg/mL) while keeping the concentration of common solvent and seed concentration constant resulted in different unimer-to-seed ratios and therefore different final micelle lengths. These (L n = 613 ± 106, 982 ± 139, and 1798 ± 180 nm for [U] 0 = of 10, 20, and 30 mg/mL, respectively) were the same as the 3σ confidence level of the theoretically predicted lengths (L n = 516, 973, 1431 nm for [U] 0 = 10, 20, and 30 mg/mL, respectively) and thus demonstrated the appropriateness of eq 7 in this regard. Despite having different final lengths, we expected all micelles to have the same linear aggregation number based on the SAXS/WAXS data for the short and long cylindrical micelles discussed above. The time required for the micelles to reach their final length, however, was approximately the same for all three experiments (Figures 1 and 2a ).
If eq 7 correctly describes the micellar length as a function of time, then a plot of the logarithm of L ∞ − L(t), which approximates to L final − L(t), versus t should generate a straight line. This, however, was not found to be the case (r-squared = 0.61−0.82), and neither did the data afford a straight-line plot for 1/(L final − L(t)) vs t (r-squared = 0.86−0.94), which would be characteristic of a second-order reaction (Figure 1 ). Noninteger reaction orders can be evaluated by the initial rates method, which involves analysis of the linear region of the L final − L(t) vs t plot ( Figure S2 ). A log−log plot of these rates vs [U] 0 then yields the reaction order as the gradient of the line ( Figure S3 ). This method gave an order of 1.16 ± 0.25 with respect to the concentration of unimer, which contrary to the ln(L final − L(t)) vs t plot suggests that the reaction is first-order. This discrepancy, however, is most likely a result of the reduced data set used in the initial rates method, which does not capture the larger deviation from firstorder behavior that occurs at later time points. We therefore explored other data fitting approaches to extract rate information from our experimental data. Effect of Seed Concentration. We investigated the effect of seed concentration (1.0 × 10 −2 , 6.7 × 10 −3 , and 3.3 × 10 −3 mg/mL) while keeping the initial concentration of unimer and common solvent constant. This resulted in different unimer-to-seed ratios and therefore different final micelle lengths (L n = 613 ± 106, 919 ± 101, and 1664 ± 13 nm for [S] 0 = 1.0 × 10 −2 , 6.7 × 10 −3 , and 3.3 × 10 −3 mg/mL, respectively), in a similar manner to varying the initial unimer concentration. As before, these values were within 3σ of the theoretically predicted lengths (L n = 516, 746, and 1429 nm for [S] 0 = 1.0 × 10 −2 , 6.7 × 10 −3 , and 3.3 × 10 −3 mg/mL, respectively). The time required for the micelles to reach their final length, however, was slightly different for the three concentrations, and the precise form of these data will be discussed in detail in the Data Fitting section.
Equation 1 indicates that the rate of unimer consumption should be first order in [S], if the reaction kinetics are analogous to those of a living covalent polymerization. With regard to the rate of micelle growth, however, the situation is slightly different. Differentiating eq 7 and examining the initial rate (2k
The condition of constant [U] required to probe the effect of varying [S] 0 , however, is also true only at low extents of growth. We therefore determined initial rates at each seed concentration ( Figure S4 ) and represented the data as a function of [S] 0 in the form of a log−log plot (Figures S5). This afforded a reaction order of −0.75 ± 0.05 in the concentration of seeds, which is not consistent with the expected zero-order kinetics of micelle growth. The method of initial rates can have limitations in that reaction complexities may not be reflected over the short time frame that the initial rate can be extracted. We therefore sought a model that could fit the data over the whole course of the reaction.
Data Fitting. To model the change in micelle length with time, we attempted to fit the data with single, double, triple, and stretched exponential functions (see Supporting Information, p 12, for more details). A single exponential resulted in underestimation of the final micelle length, as expected from the nonlinear nature of the ln(L final − L(t)) vs t plot ( Figure 1a ). Furthermore, a triple exponential resulted in data overfitting and therefore large uncertainties associated with the fitted parameters. Both the double and stretched exponential functions enabled us to fit the data well, producing reduced r-squared values of greater than 0.95. To determine which equation consistently gave the better fit, we compared the two models using Akaike's and the Bayesian information criterion tests. In over 80% of cases the stretched exponential was found to provide a better fit of the data (r-squared values >0.98 all cases), and for the situations where the double exponential was favored, the difference in reduced r-squared values for the two models was found to be less than 0.5% (Table S2 ). As the former involved fewer fitted parameters, we concluded that it gave a satisfactory description of the underlying chemical reaction and that the introduction of further parameters was not justified. The stretched exponential takes the form shown in eq 8, where L(t) is the micelle length as a function of time, A is final micelle length minus seed length, k′ is the rate constant, b is the fractional power of the exponential, which describes the deviation from a true single exponential, and L seed is the seed length (a constant). The contour length for each batch of seeds prepared was measured prior to the kinetics experiments, and therefore L seed is fixed as this predetermined value in eq 8 (see Supporting Information, p 7−8 for more details).
Employing eq 8 to model the change in length as of function time for different unimer concentrations (Figure 2a , c) affords k′ values of ( For the initial seed concentration data (Figure 2b,d) , a fit of eq 8 produces k′ values of (1.81 ± 0.19) × 10 −4 , (1.80 ± 0.26) × 10 −4 , and (1.26 ± 0.14) × 10 −4 s −1 for [S] 0 values of 1.0 × 10 −2 , 6.7 × 10 −3 , and 3.3 × 10 −3 mg/mL. Although the rate constants at the highest two concentrations are almost identical when the experimental errors are considered, that at the lowest concentration is significantly lower. Comparison of eqs 7 and 8, however, show that k′ = 2k[S] 0 (if b = 1), and therefore, unlike the case with [U] 0 , k′ is not independent of [S] 0 . Nonetheless, when k′ is converted to the [S] 0 -independent rate constant, k, values of 0.009 ± 0.001, 0.013 ± 0.002, and 0.019 ± 0.002 mL/mg·s are obtained for initial concentrations of 1.0 × 10 −2 , 6.7 × 10 −3 , and 3.3 × 10 −3 mg/mL, respectively. The reasons for this behavior are currently unclear, although the inverse relationship between k and [S] 0 is not what would be expected if the process were diffusion limited nor if there were systematic errors in [S] 0 . The fits also afford values of 0.57 ± 0.02, 0.62 ± 0.03, and 0.62 ± 0.02 for b, of which the former two are the same within experimental error with b at the lowest concentration marginally larger than that at the highest.
Effect of Temperature. To explore the effect of temperature on the growth process, living CDSA experiments involving the addition of PFS 63 -b-PDMS 513 to crystallite seeds of the same BCP (L n = 57 nm) were performed at seven different temperatures: 5, 10, 15, 21, 28, 35, and 42°C. Elevating the selfassembly temperature increased the length of time required for the micelles to reach their final lengths (Figures 3a and S6 ) with concomitant reductions in k′ from 9.09 × 10 −4 to 1.21 × 10 −5 s −1 (Figure 3b ). There was also a general trend for a reduction in the b values (0.68 to 0.47) and final micelle length achieved with increasing temperature. Specifically, the final micelle length decreased from 3314 ± 279 nm to 1764 ± 209 nm as the temperature was increased from 5°C to 42°C. The most likely cause of this change would be an increase in micellar width and, consequently, in N agg/L with temperature. This is similar to the reported thickening in the chain axis direction of homo-and random copolymer crystals on thermal annealing. 93, 94 Indeed, SAXS on the final micelle solutions revealed an increase in core cross-sectional area from 50 ± 2 nm 2 to 95 ± 4 nm 2 on increasing the temperature from 5°C to 42°C ( Figure S7 and Table S3 ). It would be expected for this to scale with the decrease in L if changes in cross-sectional area were the sole contributor. This was not the case, however, with the 47% decrease in length being associated with an 90% increase in crosssectional area. Furthermore, WAXS indicated that the interchain spacing within the cores of the two different micellar samples was the same (Figure S7c) . A possible explanation for this discrepancy could be the transition from a rectangular to a more elliptical cross-section for the micelle on increasing the growth temperature. From the rate constants for the experiments at different temperatures we were able to generate an Eyring plot to determine the mean activation enthalpy, entropy, and free energy for the seeded-growth process (from the data presented in Figure 3a ). This provided negative values for the enthalpic and Effect of Solvent. To investigate the effect of common solvent on the growth kinetics, three different THF compositions were examined, namely, 2.3, 4.8, and 9.7% v/v tetrahydrofuran (THF) in n-hexane. As the THF content increased, the growth rate of the micelles slowed, as evidenced by k′ = 1.56 × 10 −2 , 3.04 × 10 −3 , and 4.57 × 10 −4 s −1 for 2.3, 4.8, and 9.7% v/v THF, respectively (Figures 4a,c, S9 , and S10). This reduction in rate constant, however, is accompanied by an increase in b, which is the opposite of the trend observed for the experiments performed at different temperatures. It is noteworthy, however, that although all experiments showed convergence to a constant final L, this is around the 3σ confidence limit above the length predicted from the seed size and unimer to seed ratio (628 nm).
In order to probe the role of the selective solvent on the rate of the self-assembly process, solvents with differing solubility parameters were chosen: n-hexane (14.9 MPa 1/2 ), n-heptane (15.3 MPa 1/2 ), and ethyl acetate (18.2 MPa 1/2 ). 95 Other solvents were also explored, but it proved difficult to analyze the resulting micelles by TEM, due to severe aggregation or fragmentation upon drying (see Supporting Information, p 19, for more details). The rate constants decreased on exchanging n-hexane for n-heptane and then ethyl acetate (k′ = 6.32 × 10 −3 , 3.45 × 10 −3 , and 1.75 × 10 −5 s −1 , respectively), while maintaining a constant THF composition of 4.8% v/v. These experiments demonstrated that as the medium becomes a less poor solvent for the insoluble core-forming PFS block (18.7 MPa 1/2 , PDMS = 14.9 MPa 1/2 ), 96 the rate constant decreases (Figures 4b,d and S11). Although the series n-hexane, n-heptane, and ethyl acetate became concomitantly poorer for the PDMS coronaforming block, there was no evidence of reverse micelle formation or any decrease in the colloidal stability of the resulting micelles. This suggests that the effect of the solvent on the crystallization of the core is more significant in determining the rate constant than the change in amphiphilicity of the copolymer. A trend of increasing b as the solvent medium became better for PFS was also observed, similar to that for the experiments with different concentrations of common solvent (THF). Once again, the similar final micelle lengths (L n = 837 ± 79, 876 ± 89, and 956 ± 116 nm for n-hexane, n-heptane, and EtOAc, respectively) were comparable and within 3σ of the predicted length (628 nm), which suggested that there was no significant change in linear aggregation number on changing the selective solvent. It is noteworthy that the micelles grown in ethyl acetate were slightly shorter than those grown in n-heptane and n-hexane after 24 h (1440 min, Figure 4b ), but after 1 month the final micelle lengths were the same within error ( Figure S11 ).
Effect of PFS Degree of Polymerization. To investigate the effect the degree of polymerization of the PFS core has on the micelle growth rate, kinetic experiments were also performed with the BCPs PFS 63 -b-PDMS 513 and PFS 49 -b-PDMS 504 (block ratios 1:8 and 1:10, respectively). These BCPs were selected as they have very similar degrees of polymerization for the coronaforming block (difference <2%), but PFS 49 -b-PDMS 504 has a core-forming PFS block that has a degree of polymerization 22% lower than for PFS 63 -b-PDMS 513 . Reducing the PFS degree of polymerization not only reduced the micelle growth rate (from k′ = (1.16 ± 0.08) × 10 −4 s −1 to k′ = (4.6 ± 0.7) × 10 −6 s −1 ) but also resulted in much shorter micelles being formed (L n = 2690 ± 253 nm and 1426 ± 134 nm for PFS 63 -b-PDMS 513 and PFS 49 -b-PDMS 504 , respectively) ( Figure 5 ). We viewed this as a likely consequence of the linear aggregation number being different for the two types of micelles on account of the different BCPs employed. To investigate this hypothesis further, solution SAXS/WAXS was performed on the final These revealed a slight decrease in core cross-sectional area from 77 ± 3 nm 2 to 70 ± 3 nm 2 on reducing the PFS length from DP n = 63 to 49 ( Figure S12 and Table S4 ) with no significant change in the associated core structure. The linear aggregation numbers are therefore 4.1 ± 0.1 and 4.8 ± 0.2 chains/nm for PFS 63 -b-PDMS 513 and PFS 49 -b-PDMS 504 , respectively. This increase of 17%, however, does not fully account for the observed 47% reduction in final micelle length. More strikingly, the kinetic data demonstrate that reducing the PFS core length by an average of 14 repeat units caused the rate constant to be reduced by a factor of 25 from a k′ value of (1.16 ± 0.08) × 10 −4 s −1 for PFS 63 -b-PDMS 513 to (4.6 ± 0.7) × 10 −6 s −1 for PFS 49 -b-PDMS 504 . It is also noteworthy that different b values were obtained from the fits (b = 0.60 ± 0.01 and 0.53 ± 0.02 for PFS 63 -b-PDMS 513 and PFS 49 -b-PDMS 504 , respectively).
Monitoring Micelle Growth Using Super-Resolution Fluorescence Microscopy. It is important to verify that the data we have obtained from the TEM analysis of dried samples characterizing the growth of PFS 63 -b-PDMS 513 cylindrical micelles is representative of the CDSA process that occurs in solution. It has already been established for fully assembled micelles that the super-resolution techniques STED and SMLM provide comparable results to TEM. 87 However, for the kinetics experiments all techniques were performed with high concentrations of unassembled unimer at early time points, which could, in principle, add to the micelle termini during the drying process. We therefore followed the micelle growth using SRFM as a solution-based technique to validate the trends obtained from TEM experiments. We have recently established protocols for use in organic media with the BCP PFS 56 -b-PDMS 775 /DYE 20 . 87 For both techniques, short fluorescent seed micelles were prepared from BCPs 3% labeled with the appropriate dye, STAR635 (STED) and CAGE635 (SMLM). The fluorescent seed micelles were longer (L n = ca. 600 nm) than those typically used (L n = 25−57 nm) to aid visualization of the structures during the experiments, particularly at the early time points, where the unimer concentration remains relatively high, which limits the signal to background ratio. Fluorescently labeled BCP unimer (dye = STAR635 for single-color STED, CAGE500 for dual-color SMLM) was added to the short fluorescent seed micelles, and aliquots were taken from the solution and analyzed by STED, SMLM, and TEM ( Figures 6 and S13) . This increase in polydispersity increases the error associated with the length at each time point in the series, and therefore also the uncertainty in the fit. Repeating the fit of the data, but without weighting for the standard deviation of the micelle lengths produced b values that were all 0.9 or lower. This indicates the significant role that the errors play in determining the b values obtained, especially given the modest change in dispersity between samples. Nonetheless, even when the error weighting is removed, the STED and TEM b values are still not in agreement, and this could be due to the lower resolution of the former effecting the accuracy of the measurement at early time points (i.e., shorter lengths). We also studied the micelle growth kinetics using two-color SMLM ( Figures S13 and S14) ; however, as with the STED/TEM results, the techniques were inconsistent with each other, and the TEM data also differed from that obtained with unlabeled BCP. Although consideration of the STED data alone confirmed the non-first-order behavior of CDSA with respect to unimer (b ≠ 1), as determined by TEM analysis, the necessity for dye-labeled BCP (albeit at only 3%) clearly complicates the self-assembly process. The exact role of the dye is currently unclear, but it evidently increases the rate of addition (k′ = (4.53 ± 0.53) × 10 −4 and (1.81 ± 0.19) × 10 −4 s −1 for with and without dye, respectively) and also the length dispersity of the sample.
DISCUSSION
An investigation of the proposed differential rate equation for living CDSA (eq 1), by the method of initial rates, yielded reaction orders for [U] and [S] of 1.16 ± 0.25 and −0.75 ± 0.05, respectively. Although the estimate of the former was consistent with the first-order behavior expected by analogy to a living covalent polymerization, the zero-order dependence on [S] expected for L(t) was not observed. L(t), however, exhibited a more complex relationship to both [U] and [S] when the whole duration of the reaction was considered. The length of PFS 63 -b-PDMS 513 micelles observed during the self-assembly process as a function of time was therefore best modeled by a stretched exponential function (eq 8). In nature, stretched exponential functions have been successfully used to model processes that required a certain protein conformation to be obtained, but which may be achieved from any number of nonfunctional alternatives. 97 This gives rise to a distribution of activation energies and thus also to a distribution of kinetic rates, where the parameter b (eq 8) is related to the width of the distribution. The crystallization of unimer onto the termini of the growing micelle would require the polymer in solution and at the surface of the micellar core, to adopt a limited number of all the possible conformations, many of which will be energetically similar and accessible at ambient temperature. This situation would give rise to the distribution of activation energies required for the observed stretched exponential relationship of L with respect to t. It should be noted that there is no requirement for molecular weight polydispersity in this explanation, only that the molecular weight is high enough for energetically similar conformations to be available. Indeed, the supramolecular polymerization of porphyrin-based monomers, where both these complexities are necessarily absent, is first-order with respect to monomer concentration. 49 It is evident from the experiments performed at different temperatures that increasing the temperature results in a reduced rate constant (k′). This is consistent with reports that the linear growth rate of homopolymer crystals decreased upon lowering the extent of supercooling 98 and may also be due to increased solubility of the core-forming block on increasing the temperature. However, the different temperature kinetic experiments also revealed that altering the self-assembly temperature affects the dimensions of the final cylindrical micelles in a similar manner to that observed for homopolymer crystals. 99 Cylindrical micelles grown at higher temperatures were shorter in length with larger core radii and with a higher linear aggregation number (2.7 ± 0.1 chains/nm at 5°C compared to 5.1 ± 0.2 chains/nm at 42°C). It is noteworthy that studies of the annealing of PI 637 -b-PFS 53 cylindrical micelles in solution revealed no thickening of the micellar core at temperatures below 60°C. 100 These experiments therefore demonstrate that it is only when growth occurs at elevated temperatures that the micelle structure changes and that it is temperature rather than the core radius of the seed that determines the radius of the newly grown section. We suggest that the change in N agg/L occurs in the early stages of growth, so as to give a different core cross-sectional area by SAXS and not a distribution of areas bounded at the low end by that of the seed (scattering from the seed is dominated by that from the newly grown portion on account of the relative amounts). It is noteworthy that no step change in width is seen by TEM, although the ca. 1 nm change is at the resolution limit of the instrument.
The kinetic experiments at different temperatures also allowed us to obtain information regarding the thermodynamics of the activation parameters involved for the living CDSA of PFS 63 -b-PDMS 513 micelles through an Eyring plot. Both the entropic and enthalpic terms were negative, which is expected due to the increased ordering of the core-forming PFS BCP chains upon crystallization and the exothermic nature of crystallization, respectively.
The solvent composition plays an important role in the rate of micelle growth. Altering the solvent composition so that it is more favorable for the PFS core-forming block, either by increasing the amount of common solvent or through using a selective solvent that has a solubility parameter closer to that of PFS (e.g., using EtOAc instead of n-hexane), causes a reduction in the rate constant. This trend underscores how any parameter that reduces the propensity for the PFS segment to precipitate from solution and crystallize on the termini of the growing micelle reduces the micellar growth rate.
It has been reported that altering the overall composition of PFS-containing micelles affects the dimensions of the resulting micellar structure, 89 but no comment was made as to how this might affect the rate of growth. In this experiment, it was found that reducing the number-average degree of polymerization of the PFS segment by 22% (14 monomer units) from PFS 63 to PFS 49 , while keeping the length of the corona block approximately the same (<2% decrease), resulted in a rate constant (k′) 25 times smaller. It is known that the solubility of polymer chains decreases as the degree of polymerization increases, and therefore it is expected that the PFS block will be less soluble in n-hexane in the BCP with the longer PFS core-forming segment than that with the shorter block. Furthermore, the equilibrium melting point, T m , will increase with molecular weight, leading to a larger degree of supercooling for the BCP with the longer PFS block, and this is reported to increase the linear crystal growth rate. 98 Increasing the length of the PFS segment has also been shown to decrease the linear aggregation number and hence increase the final length of the resulting micelles. An implication of chains of different lengths adding at different rates would be the establishment of a continuum of rates over the molecular weight distribution of the sample, which could give rise to the observed stretched exponential behavior. We therefore modeled micelle growth, L(t), using an initial Zimm−Schulz distribution of molecular weights and a scaling factor relating the change in k′ per unit degree of polymerization (see Supporting Information, p 24, for more details). Using the experimentally determined PDI for the PFS block (1.04) only afforded the typically observed b value (ca. 0.6) for scaling powers between 4 and 5, and these are far less than the value of 12 observed between the change in DP n for the core-forming block and corresponding change in k′. However, the range of molecular weights constituting the majority of each copolymer sample [σ(M n ) = 2373 and 3051 g mol −1 for PFS 49 and PFS 63 , respectively] is narrower than the separation between PFS 49 -b-PDMS 504 and PFS 63 -b-PDMS 513 [ΔM n (PFS) = 3390 g mol −1 ]. This may mean that more subtle changes in k′(DP n ) exist within a relatively monodisperse copolymer sample, and this is lost on studying two more disparate examples. Nonetheless, this analysis clearly cannot discount a role for core-forming block polydispersity as part of the reason for stretched exponential growth kinetics. It should also be noted that PFS 63 -b-PDMS 513 with the longer PFS segment added at a faster rate than PFS 49 -b-PDMS 504 , which has a shorter PFS segment, which is the opposite of what would be expected if this were a diffusion-limited process.
Previous work involving AFM height measurements has demonstrated how the seed structure at the low length limit (ca. 20 nm) differs from that of the resulting micelle and even the parent micelle from which it is derived. 36 This suggests that it is possibly simplistic to expect totally symmetric growth from either side of the seed and growth from seeds of all sizes to be the ACS Nano Article same. The seed size, however, appears to have modest influence on the growth rate with k′ ((9.8 ± 1.5) × 10 −5 s −1 ) for the longest seed size (915 nm) decreasing below the 3σ confidence limit of that of the shortest (k′ = (4.61 ± 0.65) × 10 −4 s −1 for L n (seed) = 25 nm). Nonetheless, the similarity of k′ values ((6.10 ± 0.42) × 10 −4 and (3.22 ± 0.56) × 10 −4 s −1 ) when equal amounts of unimer were added to seeds of L n = 25 and 493 nm, respectively, suggests that the short seeds are not unusual from a kinetics standpoint (see Supporting Information Figures S15−17  and Table S2 ).
The in situ experiments performed using SRFM techniques demonstrated how the stretched exponential also characterizes the observed growth process in solution, validating the data obtained from the TEM experiments. In these experiments, despite only being present on 3% of the corona, the nature of the dye has an effect on the micellar growth rate. The STAR635 dyelabeled BCP has a faster growth rate than the CAGE500-labeled BCP for the SMLM experiments. This effect of dye structure on the growth rate had been ascribed to the required modification of the corona-forming block altering amphiphilicity of the BCP. 101 Finally, for the SRFM experiments the sample preparation methods prevented the addition of any remaining unimer present in the sample to the micelle termini and therefore effectively quenched the self-assembly reaction. This was convenient, as image acquisition times are typically between 2 and 10 min, depending on the SRFM technique, and it is therefore important that growth is halted prior to analysis.
CONCLUSION
In summary, we have probed the growth kinetics of living CDSA using PFS-b-PDMS BCPs as a model system. We discovered that a range of parameters affect the micellar growth rate including concentration, temperature, the nature of the solvent medium, and BCP composition. It is noteworthy that the rate of selfassembly can be increased by either lowering the temperature, using poorer solvents for the crystalline PFS core-forming block, or employing BCPs with longer core-forming PFS segments. Data fitting also enabled us to determine that the analogy of living CDSA to a living covalent polymerization of molecular monomers does not apply to the reaction kinetics and that the growth rate is neither first order in unimer nor in seed concentration. The deviation from first-order kinetics could be modeled using a stretched exponential function, and we postulate that this behavior results from a combination of the influences of polymer chain conformation and molecular weight polydispersity on the addition of unimer to the micelle termini. These two factors arise as a natural consequence of the increased complexity of synthetic BCP chains compared to their monodisperse, small-molecule counterparts.
Overall, these results provide important additional insight into living CDSA processes and also provide guidelines for optimizing the efficiency of experimental protocols that should be of considerable significance for work with a growing variety of BCPs with crystalline core-forming blocks 32,39,42−44 and analogous amphiphiles 45−56 that can be used for seeded supramolecular polymerizations. In addition, an informative comparison is enabled with analogous biological and synthetic supramolecular systems that undergo fiber formation via nucleation−elongation processes. For example, the low length polydispersities and kinetic data obtained for living CDSA underscore the virtual absence of heterogeneous growth rates where some 1D nanoparticles grow substantially faster than others, which has been observed for the case of certain protein fibers and has been attributed to fiber polymorphism. 78 
METHODS
General Experimental Considerations. Anionic polymerizations were carried out in an argon atmosphere glovebox. All other manipulations were carried out under an open atmosphere unless otherwise stated. All block copolymers were prepared by the sequential living anionic polymerization of dimethylsila [1] ferrocenophane and hexamethylcyclotrisiloxane, as previously reported. 87, 88 All reagents were purchased from Sigma-Aldrich unless otherwise stated. Monomer purifications were performed under an atmosphere of purified N 2 . THF was distilled from Na/benzophenone immediately before use. The dyes STAR635 NHS ester and CAGE635 NHS ester were purchased from Abberior GmbH. Photoirradiation experiments were carried out with Pyrex-glass filtered emission from a 125 W medium-pressure mercury lamp (Photochemical Reactors Ltd.). An ethylene glycol/water bath in conjunction with a thermostat was used to maintain constant temperatures of 20°C during the photoirradiation experiments. 1 H and 13 C NMR spectra were recorded using Jeol Eclipse 400 MHz or Varian VNMR 400 MHz spectrometers.
Polymer Characterization. Gel permeation chromatography was carried out using a Viscotek VE 2001 triple-detector gel permeation chromatograph equipped with an automatic sampler, a pump, an injector, an inline degasser, and a column oven (30°C). The elution columns consist of styrene/divinylbenzene gels with pore sizes between 500 and 100 000 Å. Detection was conducted by means of a VE 3580 refractometer, a four-capillary differential viscometer, and 90°and lowangle (7°) laser light (λ 0 = 670 nm) scattering detectors, VE 3210 and VE 270. THF (Fisher) was used as the eluent, with a flow rate of 1.0 mL/min. Samples were dissolved in the eluent (2 mg/mL) and filtered with a Ministart SRP 15 filter (polytetrafluoroethylene membrane of 0.45 μm pore size) before analysis. The calibration was conducted using a PolyCAL polystyrene standard (PS115 K) from Viscotek. Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry measurements of polyferrocenyldimethylsilane (PFDMS) were performed using a Bruker Ultraflextreme running in linear mode. Samples were prepared using a trans-2-[3-(4-tertbutylphenyl)-2-methyl-2-propenylidene]malononitrile matrix (20 mg/mL in THF) and the polymer sample (2 mg/mL in THF), mixed in a 10:1 (v/v) ratio. Approximately 1 μL of the mixed solution was deposited onto a MALDI sample plate and allowed to dry in air. The molecular weights of the diblock copolymers were then determined by combining the molecular weight M n of the first block from MALDI-TOF measurements with the block ratio of the diblock copolymer obtained by integrating the 1 H NMR spectroscopic signal intensities of the respective blocks.
TEM. Copper grids from Agar Scientific, mesh 400, were coated with a carbon film. Carbon coating was done using an Agar TEM Turbo Carbon Coater where carbon was sputtered onto mica sheets before deposition on the copper grids via flotation on water. Bright-field TEM micrographs were obtained on a JEOL1200EX II microscope operating at 120 kV and equipped with an SIS MegaViewIII digital camera.
STED Microscopy. STED imaging was performed on a home-built pulsed STED microscope described in detail in ref 102. Briefly, the excitation and STED beam are obtained from a single titanium− sapphire oscillator centered at λ STED = 765 nm (Ti:S, Mai Tai HP, Spectraphysics). The excitation beam, centered at λ ex = 640 nm, was extracted from a supercontinuum source (FemtoWhite, NKT Photonics) by a bandpass filter (637/7 BrightLine HC, Semrock) and coupled into a polarization-maintaining single-mode fiber (PM630-HP, Thorlabs). The pulse duration of the STED beam was stretched to approximately 100−200 ps due to a 50 cm glass block of SF66 (IC Optical Systems, UK) and 100 m long polarization maintaining single-mode fiber (PM-S630-HP, Thorlabs). Additionally the STED beam was shaped into a donut beam by a spatial light modulator (X10468-02, Hamamatsu). The excitation and STED beam were recombined with a dichroic mirror (T735spxr, Chroma) and sent to a commercial point-scanning microscope (Abberior Instruments) comprising a microscope frame (IX83, Olympus), a set of galvanometer mirrors (Quad scanner, Abberior Instruments), and a detection unit. The beams were focused onto the sample by a 100×/1.4 NA oil immersion objective lens (UPLSAPO 100XO, Olympus), and images were acquired by raster scanning the beams across the sample using the Inspector Image Acquisition software (Andreas Schonle, Abberior Instruments GmbH, Goẗtingen, Germany). Typically a field of view of 80 × 80 μm 2 was used with a pixel size of 20 × 20 nm 2 and pixel dwell times of 30 and 50 μs, respectively. Moreover, each line was scanned successively five times with a pixel dwell time of 10 μs per line-scanning. Fluorescence photons emerging from the sample were collected by the microscope objective lens, descanned by the galvanometer mirrors, focused onto a pinhole, and sent to an avalanche photodiode (SPCM-AQRH, Excelitas Technologies). Laser powers, measured at the objective back aperture, were ∼20−30 μW for the excitation beam and ∼100−150 mW for the STED beam.
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